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Sub-MIC levels of macrolides down-regulate bacterial virulence factors and suppress inflammatory pro-
cesses. The ability of macrolides to reduce the production of pneumolysin has been shown to explain the
discrepancy between in vitro resistance and outcomes with macrolides against macrolide-resistant Streptococ-
cus pneumoniae. In this study, we determined whether the ability of macrolides to regulate inflammatory
processes is beneficial for innate resistance to macrolide-resistant pneumococci in a murine pneumonia model.
Among the macrolides tested, only roxithromycin did not affect in vitro pneumococcal virulence factors at
sub-MIC levels. Roxithromycin (1.25 to 10 mg/kg of body weight/day) was administered to mice by oral gavage
for 3 days before infection with a resistant strain of S. pneumoniae. We evaluated the efficacy of the treatment
by determining mouse survival curves and by measuring bacterial burdens and several inflammatory param-
eters in the airways. Pneumolysin and PspA in infected lungs were examined by Western blot assay. Roxithro-
mycin at doses of >5 mg/kg/day increased the median survival time and retarded bacteremia without sup-
pressing the production of pneumolysin and PspA in infected lungs. This treatment reduced matrix
metalloproteinase-7 expression and activation and keratinocyte-derived chemokine production in the lungs,
while it increased mononuclear cell responses in the lungs, with enhanced bacterial clearance. Concentrations
of roxithromycin in plasma and tissues were below the MICs for the inoculated strain during infection. The
treatment also reduced inflammatory responses to killed pneumococci in the lungs. These results suggest that
the modification by roxithromycin of airway inflammatory responses, including those of matrix metallopro-
teinase-7 and phagocytes, is beneficial for initial resistance to macrolide-resistant pneumococci.

Streptococcus pneumoniae is the most prevalent pathogen
associated with community-acquired pneumonia, and the
emergence of antibiotic resistance among pneumococcal iso-
lates linked to community-acquired pneumonia has been of
great concern. Especially, the incidence of macrolide-resistant
S. pneumoniae is rapidly increasing (11, 22). Nevertheless,
macrolide compounds have been empirically among the first-
line drugs for the treatment of outpatients with community-
acquired pneumonia. Such empirical therapy is likely to in-
volve the risk of exacerbating the disease in cases of infection
with macrolide-resistant S. pneumoniae (31, 32). However, de-
spite the appreciable level of macrolide resistance, concor-
dance between in vitro macrolide susceptibility and clinical
outcomes among patients with community-acquired pneumo-
nia is lacking (5, 34); the exact clinical relevance of in vitro
findings has yet to be determined. A recent report (12) has
shown that the ability of macrolides to reduce pneumococcal
virulence factors may account for the discordance between the
in vitro resistance of pneumococci and the conservative clinical
effects of macrolides. In addition to the suppressive effects of
macrolides on microbial virulence factors (12, 27, 35, 42, 45),
however, many macrolide compounds, especially those belong-

ing to the 14-membered-ring group, exhibit a variety of regu-
latory effects on inflammatory processes (reviewed in refer-
ences 8 and 29). Therefore, it is important to determine
whether macrolides can enhance host resistance against mac-
rolide-resistant S. pneumoniae only by their ability to regulate
inflammatory processes.

Microbial infection in the airway rapidly induces the shed-
ding of ectodomains of syndecan-1, the most abundant hepa-
ran sulfate proteoglycan in normal respiratory epithelia (41).
We previously observed that a virulent strain of S. pneumoniae
in mice provokes greater shedding of syndecan-1 ectodomains
in the airways than an attenuated strain (25). Syndecan-1 shed-
ding is mediated by host proteinases; the most active enzyme is
a member of the matrix metalloproteinase (MMP) family.
Among MMPs, MMP-7 (matrilysin) directly stimulates the
shedding of syndecan-1 ectodomains from lung epithelia (30).
Moreover, MMP-7 is rapidly and strongly expressed in human
and murine mucosal epithelial cells in response to brief bac-
terial exposure; this expression is involved in the initiation of
inflammatory processes (9, 33). Thus, it is assumed that viru-
lent pneumococci rapidly induce the expression and activation
of MMP-7, thereby causing the shedding of a large amount of
syndecan-1 ectodomains in the airway.

Among 14-membered-ring macrolides, erythromycin (ERY)
(15, 19) and clarithromycin (CLR) (7, 16) have strong effects
on the regulation of inflammatory responses and microbial
virulence factors. In addition, azithromycin (AZM), one of the
15-membered-ring macrolides, has been shown to have similar
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activity (12). In contrast, sub-MIC levels of roxithromycin
(RXM) are reported to be less effective in reducing bacterial
virulence factors (13), despite the fact that this macrolide ex-
hibits a variety of immunomodulatory activities (28, 43). Fur-
thermore, it deserves attention that 14-membered-ring macro-
lides, including RXM, have the capability of suppressing
several types of MMPs in eukaryotic cells (18, 21). We there-
fore sought to address whether sub-MIC levels of 14-mem-
bered-ring macrolides directly regulate the innate response to
macrolide-resistant S. pneumoniae by down-regulating MMP-7.
For this purpose, we first examined the abilities of commonly
used macrolide antibiotics (ERY, RXM, CLR, and AZM) at
sublethal concentrations to affect pneumococcal virulence fac-
tors; we showed that sub-MIC levels of RXM did not suppress
the production of pneumococcal virulence factors in vitro.
Thereafter, we examined the effects of sub-MIC levels of RXM
on local responses to macrolide-resistant S. pneumoniae in a
murine pneumonia model.

In the present study, we have provided the first evidence
showing that sub-MIC levels of RXM enhance local innate
resistance to macrolide-resistant S. pneumoniae, independently
of the direct action of RXM against the pathogen. Further-
more, this enhancement seems to be associated with the ability
of RXM to down-regulate MMP-7 in addition to its regulatory
effects on neutrophils and macrophage functions in the airway.

MATERIALS AND METHODS

Mice. Three- to 4-week-old, male CBA/J mice (specific-pathogen free) were
obtained from Charles River Japan (Kanagawa). The mice were housed four per
cage and were allowed food and water ad libitum. The mice were allowed to
acclimatize for 7 to 12 days prior to the initiation of experimental procedures and
were used for experiments when they weighed 28 to 30 g. The experimental
protocols were approved by the Ethics Review Committee for Animal Experi-
mentation of the Nara Medical University School of Medicine, Kashihara, Nara,
Japan.

Macrolides. RXM (Aventis Pharmaceuticals, Tokyo, Japan), ERY and CLR
(Abbott Japan, Osaka), and AZM (Pfizer Japan Inc., Tokyo) were kindly pro-
vided by the indicated companies. RXM, ERY, and CLR were dissolved in 95%
ethanol at 200 mg/ml (stock solutions). AZM was suspended to a final concen-
tration of 30 mg/ml with 0.1% carboxymethyl cellulose (stock solution). These
stock solutions were kept at �20°C and were further diluted with sterile saline to
yield the appropriate drug concentrations in the final administration volume of
100 �l. Diluted drug solutions were stored at 4°C for no more than 24 h.

Antibiotics were administered via oral gavage. ERY at 10 or 20 mg/kg of body
weight/day and CLR at 5 or 10 mg/kg/day were administered twice daily at 12-h
intervals. AZM was administered at 5 or 10 mg/kg/day once daily. RXM was
administered twice daily at a dose of 1.25, 2.5, 5.0, 7.5, or 10 mg/kg/day. The
control regimen was 100 �l of saline. The treatment dose (defined as a high dose)
of each macrolide for a 30-g mouse was determined, based on the weight ratio,
from a therapeutic dose for a 60-kg adult (therapeutic doses of ERY, AZM,
CLR, and RXM for a 60-kg adult patient are 1,200, 500, 400, and 300 mg per day,
respectively). Half of the amount of the high dose was used for the low-dose
treatment. Treatment was initiated 3 days before infection and continued for 3
days. For the in vitro study, 0.005% ethanol in phosphate-buffered saline (PBS;
10 mM, pH 7.2) was used as a vehicle solution for RXM, CLR, and ERY and
0.005% carboxymethyl cellulose in PBS was used for AZM.

S. pneumoniae. Three strains of S. pneumoniae were used in this study. Strain
NMU112 is a clinical isolate harboring erm(B) and mef(A) genes, as confirmed
by PCR at the Nara Medical University School of Medicine hospital; the MICs
of ERY, RXM, CLR, and AZM were �256 �g/ml. The intratracheal 50% lethal
dose for CBA/J mice was approximately 500 CFU. The other strains, NMUP45
(serotype 4; MICs of ERY, RXM, and CLR, 2 �g/ml; MIC of RXM, 4 �g/ml)
and NMU605 (serotype 3; MICs of ERY and CLR, 0.03 �g/ml; MIC of RXM,
0.06 �g/ml; MIC of AZM, 0.125 �g/ml), were also clinical isolates. The MICs of
each macrolide were measured according to broth microdilution techniques
using Mueller-Hinton broth with 3% lysed horse blood (Becton Dickinson Mi-

crobiology Systems, Cockeysville, MD) as described by the NCCLS (36). The
determination of capsular serotypes was performed by the slide agglutination
method using a panel of commercially obtained antisera (“Seiken” set S. pneu-
moniae antisera; Seiken Co., Tokyo, Japan) as previously described (23). The
antisera included polyclonal antibodies for 39 frequently isolated serotypes
and/or groups of S. pneumoniae.

The organisms were grown in Todd-Hewitt broth (Difco Laboratories, Detroit,
MI) supplemented with 0.5% yeast extract (THY) to mid-log phase at 37°C; the
cells were harvested and suspended to a density of 5 � 107 CFU/ml in THY plus
10% glycerol and frozen in aliquots at �20°C until use. Before use, one of the
frozen stocks was thawed and cultured on THY agar containing 5% horse blood
at 37°C for 18 h. Single colonies were expanded in THY by incubation at 37°C for
6 to 8 h to mid-log phase (A600, 0.2 to 0.4), harvested by centrifugation, and
resuspended in PBS containing 5% (vol/vol) heat-treated fetal bovine serum
(PBS-FBS; GIBCO, Invitrogen Corp., Carlsbad, CA) for intratracheal infection
or in cell culture medium for the in vitro infection. The actual number of CFU
administered was determined by plating serial dilutions of a starting inoculum on
THY agar supplemented with 200 �g of ERY/ml (ERY plate). Throughout this
study, ERY plates were used only for strain NMU112 while THY agar without
ERY was used for strains NMUP45 and NMU605.

Determination of RXM concentrations. The concentrations of RXM in plasma
and lung tissues were measured by high-performance liquid chromatography
(HPLC) with electrochemical detection according to the method of Patel et al.
(39), except that the mobile phase consisting of acetonitrile, methanol, and 0.5%
ammonium acetate (39:11:50 [vol/vol/vol]; pH 5.5) was delivered at a flow rate of
1 ml/min. The internal standard was erythromycin. For this study, blood samples
were spun at 1,000 � g for 10 min and plasma was frozen until the assay. Lungs
were frozen, homogenized in 2 ml of PBS with a tissue homogenizer (Nichion-
rika, Tokyo, Japan), and then sonicated for 2 min before the assay. To 200 �l of
each sample, 50 �l of the internal standard was added, and then each sample was
alkalinized with 200 �l of 0.1 M sodium carbonate. The diluted sample was
extracted with tert-methyl-butyl ether (Wako Pure Chemicals, Osaka, Japan) and
separated by centrifugation, and the ether layer was evaporated to dryness. The
residue was reconstituted in 200 �l of the mobile phase, and the aqueous layer
(80 �l) was injected into the HPLC system. The standard curve was constructed
by weighted linear regression of the peak area versus concentration and was
linear, as follows: 0.15 to 10.5 �g/ml in plasma and 0.4 to 11.8 �g/ml in lung
homogenates. The lowest concentration of the prepared standards was defined as
the limit of detection for each assay. A plasma sample and lung homogenate
from the same mouse were prepared, and five mice at each time point were used.

Infection with S. pneumoniae. S. pneumoniae NMU112 was grown to mid-log
phase in THY as described above, and a 20-�l volume of the bacterial suspension
(2.5 � 106 CFU/ml) in PBS-FBS was inoculated into the oropharynges of mice
slightly anesthetized intraperitoneally with ketamine (6 mg/kg of body weight)
plus xylazine (1 mg/kg). Infection was performed 24 h after the last dose. In one
experiment, UV ray-killed NMU112 pneumococci were intratracheally inocu-
lated into mice. A suspension of NMU112 pneumococci (5 � 109 CFU/ml) in a
petri dish was exposed to a 254-nm UV lamp at a distance of 15 cm (930
�W/cm2) for 20 min. Sterilization was verified by the plating of 100 �l of the
suspension onto THY agar plates. The killed bacteria were centrifuged and
suspended in PBS-FBS, and 20 �l of the suspension was inoculated intratrache-
ally into mice.

Collection of BALF, blood, and lungs. Mice were killed with an overdose of
CO2. The trachea of each mouse was cannulated with a sterile 22-gauge catheter,
and the right hilum was clamped. Bronchoalveolar lavage was performed by the
instillation of three 0.8-ml aliquots of sterile ice-cold PBS-FBS into the left lung.
The bronchoalveolar lavage fluid (BALF) retrieved from all the mice in each
treatment group was combined (�2.2 ml). The total cell counts were determined
using a Z2 Coulter particle count and size analyzer (Beckman Coulter, Fullerton,
CA), and differential cell counts were performed with cytospin preparations
stained with Diff-Quik (Baxter, Deerfield, IL). Supernatants of the combined
BALF were serially diluted with sterile PBS-FBS and cultured on ERY plates.
After lavage, blood was extracted from the heart, and the left lung was excised
and homogenized at 4°C in 2 ml of PBS-FBS by using a sterile tissue homoge-
nizer. Appropriate dilutions of blood samples and lung homogenates in PBS-FBS
(100 �l) were plated onto ERY plates and incubated at 37°C for approximately
24 h for CFU determinations. The minimum number of CFU detectable in the
lungs was log10 1.83. For the cell analysis, a total of six mice per group at each
time point were used in two separate experiments. For bacterial counts, three
mice per group at each time point were used in three separate experiments.

Measurement of syndecan-1 ectodomains by ELISA. We constructed an en-
zyme-linked immunosorbent assay (ELISA) for mouse syndecan-1 ectodomains.
The system used a solid-phase monoclonal 281-2 antibody (1.25 �g/ml; rat
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immunoglobulin G2a� [IgG2a�[; Research Diagnostics Inc.) in the wells of
96-well plates (BD Biosciences), and the coated plates were blocked with 5%
nonfat dry milk (Sigma-Aldrich) in PBS containing Tween 20 (0.1% [vol/vol]). A
biotinylated monoclonal 281-2 antibody (1.10 �g/ml; BD Biosciences) was used
as a second antibody. The detection steps included the use of streptavidin-
horseradish peroxidase (HRP) and tetramethylbenzidine as chromogens. For
each analysis, 100 �l of BALF was used, and samples from individual mice (n, 3
per group at each time point) were assayed in triplicate. The calibrations on each
microtiter plate included syndecan-1 ectodomains purified from NMuMG 29
cells (a mouse mammary cell line) (3) as a standard. Optical densities were
determined using a microtiter plate reader (model 3550; Bio-Rad Laboratories)
at 450 nm. The performance of the present ELISA system was as follows. The
range of detection was 2.5 to 245 ng/ml (sensitivity, �2.5 ng/ml), and no cross-
reacting molecules in BALF were found. The range of concentrations in normal
BALF (from 16 normal mice) was 8.5 � 2.3 ng/ml; a correlation coefficient
(linear regression of concentrations in BALF samples versus the expected con-
centration) was 0.97. The intra- and interassay coefficients of variation were 4.8%
(range, 4.5 to 6.2%) and 6.2% (range, 5.8 to 7.3%), respectively.

ELISA for mouse chemokines. Keratinocyte-derived chemokine (KC) and
monocyte chemoattractant protein-1 (MCP-1) levels in BALF and lung homog-
enates were determined by sandwich ELISA (Quantikine; R & D Systems,
Minneapolis, MN). A homogenate of the left lung (n, 3 per group at each time
point) was diluted 1:1 in lysis buffer containing 2� protease inhibitor cocktail
(Roche Diagnostics, Basel, Switzerland). After 30 min of incubation on ice, the
mixture was centrifuged at 12,000 � g for 20 min at 4°C and supernatants were
stored at �80°C until the assay. Total protein was measured using bicinchoninic
acid protein assays (Bio-Rad). Both ELISA kits detected as little as 2 pg/ml of
the respective recombinant proteins.

Reverse transcriptase PCR (RT-PCR). The left lung was frozen and crushed
using a sterile, nitrogen-cooled homogenizer. Total RNA was extracted using the
TRIzol reagent (Invitrogen), and 1 �g of total RNA was transcribed into cDNA
by using a preamplification system (Invitrogen) and Moloney murine leukemia
virus reverse transcriptase (Invitrogen). Quantitative real-time PCR analysis was
performed by using an ABI Prism 7700 sequence detector system (PE Applied
Biosystems, Foster City, CA). Primer-probe sets for chemokines and cytokines
were purchased from PE Applied Biosystems. PCR was performed with the
TaqMan universal PCR master mix (PE Applied Biosystems) by using 1 �l of
cDNA in a 20-�l final reaction mixture volume. The PCR thermal cycle condi-
tions were as follows: an initial step at 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. The levels of each mRNA were divided by the
levels of mRNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
mRNA levels in control mice were assigned an arbitrary value of 1. In these
assays, three mice per group at each time point were used.

Southern hybridization assay. Total RNA (500 ng) was mixed with mouse
GAPDH-specific or MMP-7-specific primers (17); one-step RT-PCR was per-
formed using SuperScript III one-step RT-PCR with Platinum Taq DNA poly-
merase according to the instructions of the manufacturer (Invitrogen). The
sequence of the sense primer for MMP-7 was 5	-TGGAGTGCCAGATGTTG
CAG-3	, and the antisense sequence was 5	-TTTCCATATAGCTTCTGAATG
CCT-3	 (47). The MMP primers were designed to detect the mouse MMP-7 gene
and not to hybridize with genes for other known MMPs. The PCR products were
separated on a 2% agarose gel, blotted onto Hybond-N� membranes (Amer-
sham), and hybridized overnight at 42°C to alkaline phosphatase-labeled 3	
MMP-7 cDNA probes (47) or cDNA probes specific to the mouse GAPDH gene
(10). Both probes were made using direct labeling and detection systems (Am-
ersham). The chemiluminescence of CDP-Star hybridized blots was detected
with CDP-Star reagent (Amersham), and blots were exposed to Hyperfilm ECL
for 2 h (Amersham). RNA samples were extracted from three mice per group at
each time point, and individual samples were assayed in two separate experi-
ments.

Western blot for PLY and PspA. The presence of pneumolysin (PLY) and
pneumococcal surface protein A (PspA) in lung tissue was determined by West-
ern blot analysis. The left lungs of mice (n, 3 per group at each time point) were
homogenized in 50 mM Tris-HCl buffer (pH 7.5) containing 75 mM NaCl and
1% Triton X, and the homogenate was centrifuged at 12,000 � g for 20 min at
4°C. The supernatant (lung extract) was used for Western blot analysis. One
milliliter of lung extract (1 mg of protein) was incubated for 1 h at 4°C with 85
�g of monoclonal murine antibodies (IgG) to recombinant PLY (NCL-SPNm;
Novocastra Laboratories, Newcastle, United Kingdom) or 5 �g of goat anti-PspA
antibodies (IgG; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), both of which
were coupled to protein G beads (Amersham). The beads were washed three
times with 2 ml of diluted lysis buffer before boiling in sodium dodecyl sulfate
(SDS) sample buffer. After SDS–12% polyacrylamide gel electrophoresis (SDS–

12% PAGE), proteins were transferred onto nitrocellulose by using a semidry
transfer apparatus (ATTO Cooperation, Tokyo, Japan). To prevent nonspecific
reactions, both antibodies were incubated at 4°C for 12 h with acetone powder
from normal lung homogenates before use; with this procedure, immunoreac-
tions were not observed by Western blotting using lung extracts and these
antibodies. Membranes were probed with either HRP-conjugated goat anti-
mouse IgG (1:2,000; Amersham) or HRP-conjugated donkey anti-goat IgG (1:
2,500; Santa Cruz Biotechnology). The immunoblots were developed with metal-
enhanced DAB (Pierce Biotechnology, Rockford, IL). To determine relative
amounts of PLY and PspA, the reaction mixture was exposed to Hyperfilm ECL
(Amersham); densitometries of the films were determined with NIH Image
software (version 1.62). The values were expressed as arbitrary optical densito-
metric units, and results (n 
 5 to 6) were presented as percentages of units
corresponding to control mice.

A Western blot assay for PLY and PspA produced by cultured pneumococci
was performed as follows: strain NMU112 (5 � 107 CFU/ml) in THY was
incubated in the presence of RXM (0.5 to 5 �g/ml) at 37°C for 12 h. After
incubation, bacteria were harvested, washed, and lysed with lysis buffer contain-
ing 2� protease inhibitor cocktail by using a sonicator. Whole-cell lysates of
strain NMU112 were subjected to SDS-PAGE. The Western blot procedure was
performed as described above. In this assay, the lysate was prepared from two
cultures per dose in each experiment, and three separate experiments were
performed (n 
 6). This assay included ERY (10 �g/ml), CLR (5 �g/ml), and
AZM (5 �g/ml) (n, 2 per group in each experiment).

Zymography and Western blotting for MMP-7. Casein zymography was per-
formed with lung extract (100 �g of protein) according to the method previously
described (14) by using NOVEX 4 to 16% zymogram blue casein gels (Invitro-
gen, Carlsbad, CA). To determine relative levels of activity of mature MMP-7,
the zymograms were inverted following staining and destaining; densitometry
levels were measured by digital image analysis (NIH Image software). The values
were expressed as arbitrary optical densitometric units, and results were pre-
sented as percentages of units corresponding to the extracts from control mice.
This assay was repeated three times using five or six mice for both groups (the
RXM-treated and control groups) at each time point.

In order to determine the molecular sizes of caseinolytic enzymes detected by
zymography, the lung extract (100 �g) was subjected to SDS-PAGE and a
Western blot assay using rabbit anti-human MMP-7 polyclonal antiserum
(AnaSpec, Inc., San Jose, CA) and HRP-conjugated donkey anti-rabbit IgG
(Amersham) (14). The antibody to MMP-7 recognizes the C terminus of human
MMP-7, the sequence of which is identical that of mouse MMP-7, and detects
both the precursor (28-kDa) and mature (19-kDa) forms of mouse MMP-7. The
immunoblots were developed with metal-enhanced DAB (Pierce Biotechnology)
as described above. When the extract of infected mouse lungs was pretreated
with excess amounts of this antibody, the levels of caseinolytic activity of both the
precursor and mature forms in the extract were reduced by more than 95%
compared with those in the untreated extract.

MPO activity. Myeloperoxidase (MPO) activity in lung tissue was measured
using an MPO assay kit (Cytostore, Alberta, Canada). After blood extraction, the
left lungs of mice (n, 4 per group at each time point) were removed and weighed
and immediately frozen. Homogenization of the frozen lungs and the assay were
carried out according to the manufacturer’s instructions. MPO activity was ex-
pressed as units per milligram of protein in lung tissue.

Bactericidal assay. Blood and lungs were obtained under aseptic conditions at
24 h after the last dose (at the time of infection). Serum aseptically prepared
from the blood was heated at 56°C for 30 min. The lungs were homogenized at
4°C in 1 ml of PBS-FBS by using a sterile tissue homogenizer (Nichionrika) and
centrifuged at 12,000 � g for 20 min at 4°C; supernatants were membrane-
filtered before use. Both samples were dispensed in 90-�l aliquots into three
sterile plastic tubes containing 4 � 103 CFU of pneumococci in 10 �l of PBS-
FBS. The sealed tubes were rotated end-over-end for 1 h at 37°C, and the
mixture (50 �l) was plated onto THY agar.

Histopathological study. Lungs for histological examination (n, 4 per group)
were harvested 30 h after infection, fixed in 10% formalin, and embedded in
paraffin. Five-micrometer sections were stained with hematoxylin and eosin.

Statistics. Data are expressed as means � standard errors of the means
(SEM), except the data on RXM concentrations in plasma and lung tissue.
Differences in cell counts, quantities of chemokine and syndecan-1, numbers of
viable bacteria, and MPO activity levels were statistically evaluated using analysis
of variance. The Mann-Whitney U test with the Bonferroni correction was used
to compare percentages of surviving pneumococci in the bactericidal assay,
percentages of infiltrating cell populations in BALF, and results from the den-
sitometric analysis of Western blotting and real-time PCR. Survival analysis was
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performed using the log rank test, and survival rates were calculated via the
Kaplan-Meier method. Statistical significance was set at a P value of �0.05.

RESULTS

Effects of macrolide compounds on the production of PLY
and PspA. First, we examined the abilities of four macrolide
compounds (CLR, ERY, AZM, and RXM) to affect the pro-
duction of pneumococcal virulence factors (PLY and PspA) by
Western blot assay. A Western blot assay for these proteins
was performed with the lysate of strain NMU112 (5 � 107

CFU/ml). Representative results from Western blot analysis
are shown in Fig. 1A and B. Culture with 5.0 �g/ml of RXM
did not suppress PLY production, while the same concentra-
tion of CLR (P � 0.0075) and AZM (P � 0.05) and 10 �g/ml
of ERY (P � 0.01) reduced it significantly (Fig. 1C). CLR (5.0
�g/ml), ERY (10 �g/ml), and AZM (5.0 �g/ml) significantly
inhibited the production of PspA compared with that in the
control, but 5 �g/ml of RXM did not (Fig. 1D). Although the
concentrations used for this assay were higher than clinically
achievable concentrations, the published human pharmacoki-
netic data reveal that macrolide concentrations in pulmonary
epithelial lining fluid and alveolar macrophages are routinely
higher than those in plasma (40). Since macrolide-resistant S.
pneumoniae first encounters pulmonary epithelial lining fluid
and/or phagocytes in the airway, we chose these drug concen-
trations. In these analyses, there was no difference in the num-
bers of CFU recovered after 12 h of incubation in the presence
and absence of these macrolides.

Effect of macrolides on mouse survival. Next, we determined
whether CLR, ERY, and AZM can increase the survival rates
of mice after infection with the highly resistant strain
NMU112. The survival rates of mice treated with ERY (10 or
20 mg/kg/day), CLR (5 or 10 mg/kg/day), and AZM (5 or 10

mg/kg/day) before infection with NMU112 are shown in Fig. 2.
Treatment with these macrolides, at either the low or high
dose, appeared to improve the survival rates compared with
those of controls. The median survival time (MST) of the
control mice was 2.65 days. The MSTs corresponding to the
low doses of the macrolides were as follows: 6.82 days for CLR,
5.84 days for AZM, and 5.27 days for ERY. The high doses of
these macrolides slightly, but not significantly, increased each
MST by 1.49 to 1.63 days over that associated with the low dose
of each drug; the MSTs for high-dose-treated mice were 7.33
days for AZM, 6.78 days for ERY, and 8.45 days for CLR.

Next, we performed the same study with RXM, since this
macrolide did not suppress in vitro the production of microbial
virulence factors. All mice receiving either saline (control) or
1.25 mg/kg/day of RXM died within 3 days after infection (Fig.
3A); severe hemorrhagic pneumonia developed along with
pneumococcal bacteremia in both groups of infected mice. In
contrast, treatment with RXM at doses of �2.5 mg/kg/day
resulted in longer MSTs; 5 mg/kg/day of RXM corresponded
to a significantly longer MST (5.8 days) than the control treat-
ment (2.65 days; P � 0.05). However, neither 7.5 mg/kg/day
(MST, 6.3 days) nor 10 mg/kg/day (MST, 6.6 days) of RXM
generated a significant increase in the MST compared to that
corresponding to the 5-mg/kg/day dose of the drug. Histolog-
ically, acute pneumonic change diminished between days 3 and
4 of infection in RXM-treated mice (�5 mg/kg/day), though all
of the treated animals died within 8 days. Our unpublished
observation showed that treatment with RXM at �2.5 mg/kg/
day against NMU605 and that at �5 mg/kg/day against
NMUP45 resulted in no death of infected mice, possibly due to
the direct antimicrobial activity of RXM.

Lung extract obtained at 24 h after the last treatment with 10
mg/kg/day of RXM did not kill NMU112 pneumococci after

FIG. 1. Effect of macrolides on the production of PLY and PspA by MRSP in vitro. A Western blot assay for PLY (A) and PspA (B) was
performed with whole lysates of strain NMU112 (5 � 107 CFU/ml) harvested after 12 h of culture in the presence of sub-MIC levels of macrolides:
0.5 to 5 �g/ml of RXM or 5 �g/ml of ERY, CLR, and AZM. Results representative of those from two separate experiments are shown. The signal
intensities of bands for PLY (C) and PspA (D) were determined using a computerized densitometer; in this assay, whole lysates from the culture
were prepared in the presence of RXM (5 �g/ml), CLR (5 �g/ml), AZM (5 �g/ml), or ERY (10 �g/ml). Data are representative of results from
three separate experiments and are expressed as mean percentages of the intensity of bands for PLY and PspA in the lysate of the pneumococci
cultured without macrolides (control). The error bars represent SEM (n, 5 to 6 at each time point). �, P of �0.05; ��, P of �0.01; ���, P of �0.0075
for comparison with controls.
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1 h of incubation, while killing rates for strains NMU605 and
NMUP45 were significantly higher (P � 0.025) upon the ex-
posure of these strains to extracts from mice treated with RXM
at �2.5 and �5 mg/kg/day, respectively (Fig. 3B). In addition,
heat-treated serum samples from mice receiving 10 mg/kg/day
of RXM did not reduce numbers of CFU of strain NMU112
after 1 h of incubation (mean reduction, 2.2% � 1.3% of the
numbers of CFU in the inoculum).

Next, we measured RXM concentrations in plasma and lung
tissue by HPLC; mice weighing 30 g were treated for 3 days

with 5 mg/kg/day of RXM (i.e., 0.075 mg given twice daily for
six doses). The RXM concentrations in plasma and lung tissue
24, 48, and 72 h after the last dose are shown in Table 1. At the
tested drug concentrations, which were below the MIC for
strain NMU112, the synthesis of pneumococcal virulence fac-
tors might not be affected in plasma and lung tissue after
infection. Thus, treatment with RXM (5 mg/kg/day) was ex-
pected to modify the host response to macrolide-resistant S.
pneumoniae in the lungs without reducing pneumococcal vir-
ulence.

FIG. 2. Survival curves for strain NMU112-infected mice treated with ERY, CLR, or AZM. Kaplan-Meier survival curves for infected CBA/J
mice receiving low doses of ERY (10 mg/kg/day, administered twice daily), CLR (5 mg/kg/day, administered twice daily), and AZM (5 mg/kg/day,
administered once daily) (A) and high doses of ERY (20 mg/kg/day, administered twice daily), CLR (10 mg/kg/day, administered twice daily), and
AZM (10 mg/kg/day, administered once daily) (B) for 3 days before infection. Infection with 5 � 104 CFU of strain NMU112 was performed 24 h
after the last dose. Data were obtained from three separate experiments (10 mice per group in each experiment). �, P of �0.05 for comparison
with the control group.

FIG. 3. Survival curves for strain NMU112-infected mice treated with RXM and resistance of the bacterial strain against lung extract.
(A) Kaplan-Meier survival curves for infected CBA/J mice receiving various doses of RXM for 3 days before infection. Infection was performed
24 h after the last dose. Data were obtained from two separate experiments (10 mice per group in each experiment). �, P of �0.05 for comparison
with the control group. (B) Resistance of strain NMU112 to the lung extract prepared 24 h after the last dose of RXM. The reaction mixture
consisted of 90 �l of extract and 10 �l of bacterial suspension (4 � 103 CFU) and was incubated for 1 h; for each dose, samples from three mice
were obtained, and the assay was performed in triplicate for individual samples. Data were obtained from three separate experiments. Data are
represented as the mean percentages of bacteria in the starting inoculum (4 � 103 CFU) surviving in the mixture. The error bars represent SEM.
�, P �0.025 for comparison with the starting inoculum.
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Thus, in the following experiments to assess the direct effect
of 14-membered-ring macrolides on the host response, we used
the 3-day treatment with RXM at a daily dose of 5 mg/kg prior
to infection.

Measurement of numbers of CFU in BALF, lungs, and
blood. The numbers of viable pneumococci in the lungs and
BALF of RXM- and saline (control)-treated mice after infec-
tion with strain NMU112 were determined (Fig. 4). During the
first 12 h of infection, numbers of CFU in lungs and BALF of
both mouse groups gradually increased. Between 24 and 48 h,
the numbers of pneumococci in the lungs and BALF of the
treated mice decreased, while the numbers of CFU in control
mice still increased (the difference in numbers of CFU at 48 h
was approximately log10 1.78). We also found that numbers of
CFU in the lungs (slope, �0.73; r2 
 0.64; P � 0.05) and in
BALF (slope, �0.67; r2 
 0.72; P � 0.05) obtained after 24 h
of infection were inversely correlated with survival times for
individual mice (data not shown). Pneumococcal bacteremia
occurred in the controls as early as 12 h after infection; the
mean log10 numbers of CFU per milliliter of blood in surviving
mice were 2.18 at 12 h, 3.80 at 24 h, 4.65 at 36 h, and �5.65 at
48 h after infection. In contrast, S. pneumoniae was not recov-
ered from the blood of RXM-treated mice during the first 3
days. After day 4, however, the mean log10 numbers of CFU
per milliliter of blood in surviving RXM-treated mice gradually
increased: 2.14 at day 4, 3.68 at day 5, 4.27 at day 6, and �5.11
at day 7. The high dose of CLR, ERY, or AZM delayed the
development of bacteremia by 12 h (ERY) or 24 h (CLR and
AZM) compared with RXM treatment (data not shown).
These results therefore indicated that the slow development of
pneumococcal bacteremia is closely related to the longer sur-
vival times for individual mice treated with macrolides.

Analyses of infiltrating cells, syndecan-1, and chemokines in
the airways. The number of total cells in BALF from control
mice increased linearly during the first 36 h, and the number in
BALF from RXM-treated mice increased linearly during the
first 24 h (Fig. 5A). Among these cells, polymorphonuclear
leukocytes (PMNs) were predominant in the controls (Fig. 5B)
while mononuclear cells were predominant in the treated an-
imals (Fig. 5C). The level of PMN infiltration in lung tissue
from the controls was greater than that in lung tissue from the
treated mice after 12 h, as assessed by measuring the levels of
MPO activity in lung tissue (Fig. 5D). In parallel to such a
difference in the cellular response, KC levels in lung tissue
from the treated mice after 12 h were significantly lower than
those in tissue from the controls (12 h, P � 0.05; 24 and 36 h,
P � 0.01) (Fig. 6A, left panel). MCP-1 levels in the lungs of

treated mice were significantly higher than those in the con-
trols between 12 and 36 h after infection (12 and 36 h, P of
�0.05; 24 h, P of �0.01 for comparison with controls), while
this protein was produced at the same levels in the two groups
during the first 8 h (Fig. 6A, right panel). KC levels in BALF
from RXM-treated mice were significantly lower after 8 h (8 h,
P of �0.05; 12, 24, and 36 h, P of �0.01 for comparison with
controls), while MCP-1 in the treated animals was significantly
higher after 8 h (8 h, P of �0.05; 12, 24 and 36 h, P of �0.01
for comparison with controls) (data not shown). These findings
were comparable to the results of quantitative analyses of the
expression levels of mRNAs for KC and MCP-1 (Fig. 6B) at 8
and 24 h after infection, while message levels for tumor necro-
sis factor alpha and interleukin-1� did not differ between the
two groups. Higher KC levels in BALF were associated with
enhanced syndecan-1 shedding in control mice, which lasted
until death (Fig. 6C). In the treated mice, the shedding was
transient and the levels were significantly lower than those in
controls (at 1 and 2 h, P � 0.05; after 4 h, P � 0.01).

Expression of MMP-7 in infected lungs. Infection induced
MMP-7 expression in the lungs of all infected mice as early as
30 min after infection (data not shown), but thereafter, MMP-7
expression levels in control mice became apparently greater
than those in the treated animals at each time point (Fig. 7A).
By zymography using lung extract obtained at 12 h postinfec-
tion, the caseinolytic activity was found to be present in lung
extracts from all mice (Fig. 7B). Among the proteolytic bands, a
precursor (28 kDa) and a mature form (19 kDa) were identified
by Western blot analysis (Fig. 7B). The caseinolytic activity of a
mature form in the RXM-treated animals was significantly de-
creased from 6 to 48 h after infection compared to that in the
controls (6 and 48 h, P � 0.05; 12 and 24 h, P � 0.025) (Fig. 7C).

Effect of RXM on the production of PLY and PspA in infected
lungs. In the lungs of the treated mice, PLY (Fig. 8A) and PspA
(Fig. 8B) produced by NMU112 did not increase after 24 h of
infection as demonstrated by Western blot analysis; the numbers
of densitometric units of these proteins in the lungs of the treated
mice after 48 h of infection were significantly lower than those in
the controls (48 h, P � 0.05; 60 h, P � 0.01) (Fig. 8C). Since RXM
(0.5 to 5.0 �g/ml) did not affect the production of pneumococcal

FIG. 4. Enumeration of bacteria in the lungs after infection.
Groups of CBA/J mice were intratracheally infected with 5 � 104 CFU
of strain NMU112. The bacterial loads in the lungs (A) and BALF
(B) were assessed at the indicated time points: three mice per group at
each time point were used. Data are representative of results from
three separate experiments, and the error bars represent SEM. *, P of
�0.01; **, P of �0.005 for comparison with the control group.

TABLE 1. Concentrations of RXM in plasma and lung tissuea

Time (h) after the
last dose (day)

Concn (�g/ml) of RXM in:

Plasma Lung tissue

24 (0) 3.87 � 0.42 5.22 � 0.36
48 (1) 1.36 � 0.33 2.87 � 0.25
72 (2) 0.54 � 0.13 0.65 � 0.22

a Concentrations of RXM in plasma and lung tissue were measured by HPLC
at 24, 48, and 72 h after the administration of the last dose of RXM. A plasma
sample and a lung homogenate from the same mouse (n 
 5) were prepared at
each time point. Data are expressed as the means � standard deviations.
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virulence factors (Fig. 1), the decrease in these proteins after 48 h
of infection appeared to be a result of the decreased bacterial
burdens in the lungs (Fig. 4A).

Effect of RXM on host responses to killed pneumococci.
Finally, we ascertained whether the reduced PMN-dominant
inflammation was really due to the direct effect of RXM on the
local response. For this purpose, we inoculated intratracheally
108 killed NMU112 organisms into RXM-treated mice. Levels
associated with inflammatory responses, including total cell
counts (Fig. 9A) and levels of PMN infiltration (Fig. 9B) and
MMP-7 expression (Fig. 9C), were significantly reduced in the
treated mice compared with those in the controls. Although
MCP-1 levels were not measured in this experiment, the levels
of expression of mRNA for MCP-1 apparently increased in the
lungs of RXM-treated mice by 8 h after inoculation (our un-
published observation). These results indicated that the regu-
latory effect of RXM on local inflammatory processes in the
lungs was due to its direct action on the host response.

DISCUSSION

The present study demonstrates that the treatment of mice
with a subtherapeutic dose of RXM for 3 days before infection
with macrolide-resistant S. pneumoniae improved mouse sur-

vival times, which was associated with the delayed occurrence
of bacteremia. This effect seems to be due mainly to the reg-
ulatory effect of RXM on local host responses, including
MMP-7 expression and activation and phagocytic cell functions
in the lungs; furthermore, such regulation may occur without
the suppression of pneumococcal virulence factors. Our previ-
ous study showed that a less virulent strain of S. pneumoniae
induced lower degrees of syndecan-1 shedding in the airway
than a virulent one (25). This difference may be relevant to the
distinction in the levels of shedding in the RXM-treated mice
and the control mice in this study, since the treated animals
were more resistant to strain NMU112 than the controls. Syn-
decan-1 knockout mice are shown to be resistant to intratra-
cheal infection with Pseudomonas aeruginosa; moreover, intra-
tracheal administration of purified syndecan-1 ectodomains
into the airways impairs their resistance (38). Considering
these findings together, decreased levels of syndecan-1 shed-
ding may reflect the attenuation of infections with these two
respiratory pathogens.

MMP-7 directly cleaves syndecan-1 from the surfaces of cells
in vitro (30). Thus, the decrease in syndecan-1 shedding ob-
served in RXM-treated mice may have resulted from the sup-
pressed expression or activation of MMP-7. MMP-7 activity as

FIG. 5. Analysis of infiltrating cells in the airway after infection. BALF was harvested at the indicated times after infection with 5 � 104 CFU
of strain NMU112. (A) Total counts of infiltrating cells in BALF. Percentages of PMNs (B) and mononuclear (Mo) cells (C) among infiltrating
cells are shown. Data are representative of results from two separate experiments and are expressed as the mean values (n 
 6). �, P of �0.05;
��, P of �0.025; ���, P of �0.01 for comparison with controls. (D) PMN infiltration into the lungs was estimated by measuring the levels of MPO
activity in the lung tissue, shown as the mean values (n, 4 at each time point). The error bars represent SEM. �, P � 0.05; ��, P � 0.025.
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assessed by zymography was significantly reduced in the lungs
of RXM-treated mice during the first 48 h; therefore, RXM is
thought to reduce syndecan-1 shedding by suppressing MMP-7
expression. MMP-7 is also involved in reepithelialization by
repairing injured tracheas (9), but RXM did not affect the
process of repairing injured lung tissue as judged from histo-
logical examinations showing that inflamed pulmonary tissue
in the treated mice returned to normal at 3 days postinfection
in this study.

CXC chemokines are essential for PMN recruitment to the
lungs following inflammatory injury in mice. KC (a homologue
of human interleukin-8) has been shown to bind to syndecan-1
ectodomains; an MMP-7-mediated shedding of syndecan-
1–KC complexes from the mucosal surface directs and confines
PMN influx to sites of injury in the lungs (30). RXM reduced
the expression of KC and MMP-7, which resulted in lower

concentrations of both proteins in BALF from RXM-treated
mice than in that from the controls. In contrast, MCP-1 mes-
sage and protein levels increased in the lungs of RXM-treated
mice after infection. Differences in the expression levels of
mRNAs for KC and MCP-1 in the lungs of the treated mice
may be due to the ability of 14-membered-ring macrolides to
selectively suppress the production of cytokines at transcrip-
tional levels (1, 2, 26, 44). Despite the reduced levels of PMN
accumulation, RXM enhanced local resistance to pneumo-
cocci, even though the RXM concentrations in the lungs and
blood were lower than the MIC. The degrees of PMN infiltra-
tion during the first 8 h and the magnitudes of the bacterial
burdens in the two groups were similar until 24 h after infec-
tion, while numbers of CFU in the treated mice became sig-
nificantly lower than those in the controls after 48 h of infec-
tion. Enhanced MCP-1 production may account for the

FIG. 6. Measurement of chemokines and syndecan-1 by ELISA and quantitation of mRNAs for cytokines and chemokines in lungs. Lung
homogenates were prepared at the indicated times after infection with 5 � 104 CFU of strain NMU112. At each time point, samples from three
mice in each group were used. (A) KC and MCP-1 protein levels in samples from individual mice were measured in triplicate by ELISA. Data are
representative of results from two separate experiments, and the error bars represent SEM. �, P of �0.05; ��, P of �0.025; ���, P of �0.01 for
comparison with controls. (B) Total RNA was extracted from the left lung at 8 and 24 h after infection, and 1 �g of total RNA was transcribed
into cDNA. Quantitative real-time PCR analysis was performed with the TaqMan universal PCR master mix by using 1 �l of cDNA in a 20-�l final
reaction mixture volume. The levels of target cytokine and chemokine messages were expressed as ratios of the target mRNA to GAPDH mRNA.
Data are representative of results from three separate experiments, and the error bars represent SEM. �, P � 0.05. Between the RXM-treated and
the control groups, the message for MCP-1 was significantly higher (P � 0.05) in the treated group, while that for KC was significantly higher (P �
0.05) in the control group. (C) Syndecan-1 levels in BALF were measured by ELISA. At indicated time points, BALF was harvested from three
mice in each group, and individual samples were assayed in triplicate. Data are representative of results from three separate experiments, and the
error bars represent SEM. �, P � 0.01; ��, P � 0.005.
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increase in the infiltration of mononuclear cells after 12 h; this
increase likely contributed to the reduction in bacterial bur-
dens in the lungs of the treated mice after 48 h of infection,
since mononuclear cells exhibit enhanced phagocytic bacteri-
cidal activity against type 3 pneumococci by adhering to the
extracellular matrix (37). In contrast, enhanced accumulation
of PMN at the confined area is thought to damage lung tissue
by releasing proteases and reactive oxygen species (6, 46),
which might explain the markedly damaged lung tissue of the
control mice in this study. Treatment with RXM apparently
reduced PMN recruitment in the lungs, which was likely to
allow inflammatory tissue to return to normal after day 3 of
infection. Actually, Kawashima et al. (24) have shown that a
14-membered-ring macrolide inhibits bleomycin-induced acute
lung injury through its suppressive activity toward PMN recruit-
ment. In addition, 14-membered-ring macrolides regulate the
ability of leukocytes to produce proteases and reactive oxygen
species (29), both of which are thought to induce tissue dam-

age. Since there has been abundant evidence to show the direct
effect of macrolides on neutrophils and macrophages (re-
viewed in references 8 and 29), the modulation of inflamma-
tory processes by RXM observed in this study may also include
the direct effects of this macrolide on the function of these
phagocytes. The enhancement of local resistance, with the
delayed development of bacteremia, is therefore thought to be
due to the combined effects of RXM on the phagocytes and
MMP-7.

The concentrations of RXM in the plasma and lung tissue in
mice receiving a daily dose of 5 mg/kg were much lower than
the MIC at the time point of infection and in subsequent days
of infection. Such low concentrations of RXM are unable to
decrease the synthesis of pneumococcal virulence factors,
which is consistent with the findings in a report by other in-
vestigators (13). In connection with this information, we chose
5 �g/ml as the drug concentration for the in vitro assay of PLY
and PspA suppression (Fig. 1). This concentration of the mac-

FIG. 7. Effect of RXM on the expression and activation of MMP-7 in the lung. (A) Expression of MMP-7 mRNA in the lungs after infection.
cDNA was generated by one-step RT-PCR using total RNA and specific primers for mouse MMP-7 and GAPDH genes, and PCR products were
evaluated by Southern hybridization using cDNA probes specific for MMP-7 and GAPDH genes. At each time point, RNA was extracted from
three mice and individual RNA samples were assayed. The same experiments were performed twice. Representative results are shown. (B) Casein
zymography using NOVEX 4 to 16% zymogram blue casein gels was performed with the extract (100 �g) of lungs from mice at 12 h postinfection;
activated recombinant human MMP-7 (Mat; R & D Systems) was included as a positive control. A precursor (28 kDa) and a mature form (19 kDa)
were identified by Western blotting using anti-MMP-7 polyclonal antiserum. Extracts of lungs from three mice were prepared, and individual
samples were assayed. Representative results are shown. (C) Casein zymography was performed at the indicated time points after infection. The
zymograms were inverted and scanned, and caseinolytic activity was determined by scanning the lysis band in the area corresponding to a mature
form (19 kDa) of MMP-7 by using a computerized densitometer. Data are representative of results from three separate experiments and are
expressed as mean percentages of the activity in the lungs of infected control mice. The error bars represent SEM (n, 5 to 6 at each time point).
�, P of �0.05; ��, P of �0.025 for comparison with the activity levels in the extracts from infected control mice at the indicated time points.
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rolides tested is higher than their levels in plasma in mice and
possibly higher than clinically achievable concentrations. How-
ever, macrolide concentrations are reported to be routinely
higher in pulmonary epithelial lining fluid and phagocytes than
in plasma (40). Thus, we performed the in vitro assay of PLY
and PspA suppression (Fig. 1) at drug concentrations higher
than the plasma drug levels in mice. Furthermore, we think
that the results obtained from the suppression assay for both
proteins might be relevant to the effect of RXM in the lungs,
since macrolide-resistant S. pneumoniae must first encounter
epithelial lining fluid and phagocytes in the airway. Although
neither PLY nor PspA levels in the lungs were reduced during
the first 24 h of infection, the levels of these proteins were
significantly decreased at 48 and 60 h postinfection. This re-
duction seemed to be due to the decrease in numbers of CFU
after 48 h of infection.

As already mentioned, a marked PMN-dominant response
upon infection with macrolide-resistant S. pneumoniae may
cause severe tissue damage, which may possibly affect local
resistance and also retard recovery from tissue damage. The
inhibition of neutrophil functions (e.g., chemotaxis and oxida-
tive burst) and the stimulation of macrophage functions (e.g.,
phagocytosis of encapsulated pneumococci as well as apoptotic
cells) may contribute to the local resistance conferred by RXM
in addition to the down-regulation of MMP-7. Furthermore,
the decrease in numbers of CFU in the lungs occurred at least
24 h after the appearance of anti-inflammatory effects (such as
changes in levels of MMP-7, MPO activity, and infiltrating
cells). Therefore, the regulation of the acute inflammatory
response during the initial phase of infection with macrolide-
resistant S. pneumoniae must be a prerequisite to the observed
enhancement of local resistance by sub-MIC levels of RXM.
Furthermore, such regulatory activity of RXM might be ex-
pressed independently of an effect on pneumococcal virulence
factors, since this macrolide apparently reduced inflammatory
responses against killed pneumococci.

Pneumococcal invasion into the bloodstream occurred in
control mice within the first 12 h. RXM retarded this invasion,

FIG. 8. Effect of RXM on the production of PLY and PspA by pneumococci in the lung. Western blot analysis for PLY (A) and PspA (B) in
lung extracts from RXM-treated mice and controls was performed at the indicated time points after infection. Extracts of lungs from three mice
were prepared, and samples from individual mice were assayed. Representative results are shown. (C) The signal intensity of each band for PLY
(black bars) and PspA (white bars) was determined using a computerized densitometer. Data are representative of three separate experiments and
are expressed as mean percentages of the intensity of each band in the lung extracts from infected control mice. The error bars represent SEM
(n, 5 to 6 at each time point). �, P of �0.025; ��, P of �0.01 for comparison with controls.

FIG. 9. Effect of RXM on local responses in the airway after inocu-
lation with UV ray-killed NMU112. BALF was harvested from the RXM-
treated and control mice after inoculation with 108 UV ray-killed pneu-
mococci. (A) Numbers of infiltrating cells in BALF. (B) The percentages
of PMNs among the infiltrating cells at the indicated times were deter-
mined (n, 5 per group at each time point). Data are presented as the mean
value from two separate experiments. �, P of �0.05; ��, P of �0.01 for
comparison with controls. (C) Levels of MMP-7 activity in lung extracts
were assessed by casein zymography, and comparative activity was deter-
mined by scanning the lysis band in the area corresponding to a 19-kDa
form by using a computerized densitometer (as described in the legend to
Fig. 7). Data obtained from two separate experiments (n, 4 per group at
each time point) are presented as the means � SEM. �, P of �0.05; ��,
P of �0.025; ���, P of �0.01 for comparison with controls.
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although the numbers of CFU in the lungs of the treated mice
remained at the same levels as those in the lungs of the con-
trols during this period of time. For pneumococcal invasion
into the bloodstream, the integrity of the extracellular matrix
of the basement membrane on blood vessels must be degraded;
this process may require both bacterial and host factors in lung
tissue (4). In RXM-treated mice, bacteremia occurred after
day 3 of infection, despite the decreased numbers of CFU in
the lung. There are two important points to note that have
already been mentioned: sub-MIC levels of RXM (i) sup-
pressed inflammatory responses to killed pneumococci in the
lungs and (ii) did not reduce pneumococcal virulence factors in
the lungs. Considering these points together, it is plausible that
the subtherapeutic dose of RXM can delay the bloodstream
invasion by macrolide-resistant S. pneumoniae through the reg-
ulatory effects of RXM on host factors including MMP-7 and
phagocytes, although the present study did not prove that the
down-regulation of MMP-7 by RXM directly contributes to the
enhancement of mouse resistance. In addition, we speculate
that concentrations of RXM in tissue after day 3 of infection
may be lower than those able to regulate local responses in the
lungs.

Finally, we found that subtherapeutic doses of ERY, CLR,
and AZM also increased mouse survival times. At low doses,
treatment with these macrolides achieved only the same MST
as 5 mg/kg/day of RXM, despite their ability to affect pneu-
mococcal virulence factors. This result might be accounted for
by the assumption that the low dosages of ERY, CLR, and
AZM used would not yield concentrations in the epithelial
lining fluid and/or phagocytes high enough to suppress PLY
and PspA production. At higher dosages, however, these mac-
rolides increased MSTs by only 1.49 to 1.63 days compared to
the MST corresponding to the low dose of each antibiotic; this
increase, though not significant, may be due to their additional
effect on pneumococcal virulence factors. These data are con-
sistent with the findings in the report by Fukuda et al. (12)
showing that both CLR and AZM increase the survival times
of immunocompetent mice after infection with a high level of
macrolide-resistant S. pneumoniae. Nevertheless, none of the
macrolides tested in this study were able to protect mice from
bloodstream invasion by macrolide-resistant S. pneumoniae,
which resulted in the death of all infected mice. In neutropenic
mice, however, the efficacy of CLR and AZM against clinical
isolates of macrolide-resistant S. pneumoniae varied with the
level of macrolide resistance of the pathogen (20), which indi-
cates that the enhancement of local resistance against macrolide-
resistant S. pneumoniae by sub-MIC levels of macrolide com-
pounds may require an immunocompetent status of the hosts.
Furthermore, this fact strongly suggests that the direct antimi-
crobial activity of macrolides should be necessary for complete
protection against a high level of macrolide-resistant S. pneu-
moniae, regardless of the degree of innate immunity in the
hosts.

In conclusion, we have demonstrated that subtherapeutic doses
of RXM favorably modify the initial response to macrolide-
resistant S. pneumoniae in the airways of immunocompetent
mice, thereby retarding the development of pneumococcal
bacteremia. In addition, this modification appears to be asso-
ciated with the regulatory effects of RXM on MMP-7 expres-

sion and activation and phagocytic cell functions and can be
achieved without affecting pneumococcal virulence factors.
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